-plays critically important roles during virtually the entire process of reproduction in mammals, including spermatogenesis, sperm capacitation, fertilization, and development of early stage embryos. Therefore, the acid-base balance in the male and female reproductive tracts must be finely modulated. The fluid milieu in the epididymis is acidic, containing very low concentration of HCO 3 -. In this acidic low HCO 3 -environment, mature sperm are rendered quiescent in the epididymis. In contrast, the luminal fluid in the female uterus and oviduct is alkaline, with very high concentration of HCO 3 -that is essential for sperm to fulfill fertilization. HCO 3 -transporter of solute carrier 4 (SLC4) and SLC26 families represent the major carriers for HCO 3 -transport across the plasma membrane. These transporters play critical roles in intracellular pH regulation and transepithelial HCO 3 -transport. The physiological roles of these transporters in mammalian reproduction are of fundamental interest to investigators. Here we review recent progress in understanding the expression of HCO 3 -transporters in reproductive tract tissues as well as the physiological roles of these transporters in mammalian reproduction.
INTRODUCTION
In mammals, the pH of luminal fluid in the reproductive tract has profound effects on virtually the entire process of reproduction, including spermatogenesis, sperm capacitation, fertilization, and early stage embryo development. Epithelia lining the reproductive tract walls of both males and females actively perform considerable transepithelial transport of acidbase equivalents to tightly control the pH of luminal fluid milieu along the entire reproductive tract. Disturbance of acidbase homeostasis in the reproductive tract often causes infertility/subfertility in mammals [1] [2] [3] .
Two major categories of transmembrane proteins are involved in the pH regulation of mammalian cells (Fig. 1) , 1) proton carriers that transport hydrogen ions across the plasma membrane, and 2) HCO 3 -carriers that transport HCO 3 -. Proton carriers include Na þ -H þ exchangers of solute carrier 9 (SLC9) family [4, 5] , P-type and V-type H þ -pumps [6, 7] , and H þ channels [3, 8, 9, 10] . HCO 3 -carriers include HCO 3 - transporters of the SLC4 [11, 12] and SLC26 families [13] . In addition, the chloride channel cystic fibrosis transmembrane conductance regulator (CFTR) has also been reported to exhibit HCO 3 -conductance [1, 14, 15] . As shown in Figure 1 , these acid-base transporters functionally fall into two groups, 1) acid extruders, used to increase intracellular pH (pH i ) upon acidosis; and 2) acid loaders, used to decrease pH i upon alkalosis.
We review current knowledge about the molecular mechanisms underlying acid-base transport in epithelial cells of male and female reproductive tract epithelia as well as in spermatozoa. We focus mainly on HCO 3 -transporters of the SLC4 and SLC26 families and CFTR and briefly discuss the proton carriers if they are closely related to the physiological context. We discuss the expression and distribution of these transporters in the reproductive tract tissues and their physiological roles in mammalian reproduction.
HCO 3 -TRANSPORTERS

HCO 3 -Transporters of the SLC4 Family
The SLC4 family, which encompasses the products of 10 genes in mammals, contains the first major subfamily of HCO 3 - transporters. SLC4 family members include two groups: one that is Na þ -independent and the other that is Na þ -dependent. Na þ -independent members include three anion exchangers, namely, AE1 (SLC4A1), AE2 (SLC4A2), AE3 (SLC4A3), all mediating electroneutral Cl --HCO 3 -exchange [12] . Na þ -dependent members include five Na þ -coupled HCO 3 -transporters (NCBTs) [11] and one Na þ -coupled borate transporter, BTR1 (SLC4A11) [16] . The function of SLC4A9 remains controversial. First cloned by Parker et al. [16] , SLC4A9 was originally characterized as a Cl --HCO 3 -exchanger [17, 18] . However, another preliminary study showed evidence for electroneutral Na þ /HCO 3 -cotransport by SLC4A9 [19] . Differing in the ionic stoichiometry and therefore carriage of net charges during ion transport, the five NCBTs fall into two subgroups: one electrogenic and the other electroneutral. Electrogenic NCBTs include the Na þ /HCO 3 -cotransporters NBCe1 (SLC4A4) and NBCe2 (SLC4A5), whereas electroneutral members include NBCn1 (SLC4A7), NBCn2 which is also known as NCBE (SLC4A10), and the Na þ -driven Cl --HCO 3 -exchanger NDCBE (SLC4A8). Electrogenicity versus electroneutrality is a biophysical property of fundamental physiological significance for a secondary active transporter like NCBTs [20] .
HCO 3 -Transporters of SLC26 Family
The SLC26 family also encompasses the products of 10 genes in mammals. Members of this family functionally diverge in substrate species, including Cl -, OH -, I -, SO 4 2-, HCO 3 -, HCOO -, and C 2 O 4 2- [13] . Among SLC26 family members, those that are permeable to HCO 3 -include SLC26A3, which is also known as down-regulated in adenoma or DRA [21] ; SLC26A4 (also known as pendrin) [22] ; SLC26A6 [21, 23, 24] ; and SLC26A9 [25] [26] [27] . Although SLC26A7 has been reported to contain minimal Cl --HCO 3 - exchange activity [28, 29] , it is generally regarded as a highly selective Cl -channel [13] . HCO 3 --permeable members of the SLC26 family represent the second major subfamily of HCO 3 -transporters. These SLC26 family HCO 3 -transporters mediate HCO 3 -translocation in exchange of iodide or chloride. When heterologously expressed in Xenopus oocytes, SLC26A4 performs electroneutral exchange of I --HCO 3 - 31] , and SLC4A7 (NBCn1) [33] .
HCO 3 -TRANSPORTERS IN MALE REPRODUCTIVE TRACT
Spermatozoa are generated in the testis and undergo a maturation process while traveling through the long distance to the cauda epididymis. During the transit of spermatozoa along the male reproductive tract, the luminal fluid pH in the tract must be finely controlled. It is well established that the luminal fluid in the male reproductive tract is acidic [34] [35] [36] . Failure to maintain pH homeostasis in the male reproductive tract may impair the production and/or maturation of spermatozoa and therefore cause infertility or subfertility.
Overview of Acid-Base Transport in Male Reproductive Tract
Embryologically, the male reproductive tract and renal tubules are both derived from the intermediate mesoderm [37] . The mechanisms involved in the fluid and ion reabsorption in the male reproductive tract are somewhat similar to those in the renal tubules.
In the male reproductive tract, the fluid composition in seminiferous tubules in the testis is very close to that in blood plasma [35] . The major site for fluid and ion reabsorption is the efferent ducts, the connecting segment between the testis and caput epididymis, which is responsible for the reabsorption of more than 90% of the total fluid volume from the testis [38] [39] [40] [41] [42] . A micropuncture study has shown that in the male reproductive tract of mouse, the luminal HCO 3 -concentration is highest in the seminiferous tubules, lowest in the caput epididymis, and then slightly risen in the cauda epididymis and vas deferens [35] . Thus, in the male reproductive tract, most of the HCO 3 -content in the luminal fluid from the testis is reabsorbed at the efferent ducts, a region that is analogous to the proximal renal tubule, which is responsible for more than 80% of HCO 3 -reabsorption in the kidney. As shown in Figure 2 , theoretically, HCO 3 -in the lumen of the male reproductive tract can be reabsorbed via two mechanisms. First, like the case for HCO 3 -reabsorption by epithelia in the proximal renal tubules [43] , luminal HCO 3 -combines with proton to form H 2 CO 3 , which is then converted into CO 2 and H 2 O under the catalysis of carbonic anhydrase (CA) [44, 45] . The CO 2 then enters the epithelial cells either by simple diffusion or through gas channels, for example, aquaporins [46, 47] , expressed at the apical membrane of the reproductive tract epithelial cells [48] [49] [50] . In the epithelial cells, the CO 2 is rehydrated under the catalysis of CA and then dissociates into HCO 3 -and protons. The HCO 3 -in the epithelial cells is extruded through the basolateral HCO 3 -transporters, which is NBCe1-A in the case of proximal renal tubules, whereas the proton is recycled into the lumen via Vtype H þ -ATPase [51] [52] [53] [54] Recently, we witnessed a great expansion in knowledge of the molecular mechanisms underlying HCO 3 -transport by epithelial cells of the male reproductive tract. Available literature reveals a very sophisticated expression profile of HCO 3 -transporters in male reproductive tissues. We focus on the SLC4-family HCO 3 -transporters in this section and then discuss the SLC26 family HCO 3 -transporters in the next section.
In the male reproductive tract, the anion exchangerAE2 is expressed in high abundance at the proximal regions including the initial segment, and intermediate zone and caput epididymis and in relatively low abundance in the distal regions including the cauda epididymis and vas deferens [56] . Moreover, AE2 is exclusively localized in the basolateral membrane in the male reproductive tract. A study with knockout mice has shown that AE2 plays essential roles in spermatogenesis. Genetic disruption of the Slc4a2 gene, encoding AE2 in mouse, slightly reduces the number of spermatogonia and spermatocytes, substantially reduces the number of spermatids, and totally abolishes the formation of mature spermatozoa [57] .
All five NCBTs of the SLC4 family are expressed at the mRNA level in the male reproductive tract [58] . Among these NCBTs, the transcripts of the Na þ -driven Cl-HCO 3 -exchanger NDCBE has been shown to be expressed at very high abundance levels in the testis [59] . While little is known about the regional distribution and localization of the other three NCBTs, NBCe1 and NBCn1 are the two best studied NCBTs in the male reproductive tract.
NBCe1 (SLC4A4). Expression of NBCe1 has been detected in all major regions along the male reproductive tract, including the testis, epididymis, vas deferens [58] , and prostate [60] . Like other NCBT genes, a key feature of the SLC4A4 gene encoding NBCe1 is the capability of producing multiple variants either by alternative splicing of mRNAs or by transcription under the control of distinct promoters [11] . Liu et al. [58] showed that the SLC4A4 gene can produce at least five NBCe1 variants (i.e., NBCe1-A through NBCe1-E) [58] . These NBCe1 variants exhibit a sophisticated expression profile in different segments of the male mouse reproductive tract. NBCe1-A and NBCe1-B appear to be the dominant variants expressed in the male reproductive tract, with NBCe1-A identified in the testis as well as epididymis and NBCe1-B identified in the testis, epididymis, and vas deferens. NBCe1-D, -C, and -E are likely expressed only in some highly specialized cells in the male reproductive tract, given their very low abundance level relative to that of NBCe1-A or -B [58] . The sophisticated distribution of the five known NBCe1 variants in the male reproductive tract suggests that the physiological role of this transporter is highly tailored, presumably in a cell-specific manner in the reproductive tract tissues.
Like other NCBTs, the structural variations in NBCe1 are related to tissue-/cell-specific expression and could affect the intrinsic activity or even protein-protein interaction of the transporter [11] . Activity levels of NBCe1-B and -C are much lower than that of NBCe1-A due to the presence of an autoinhibitory domain at the unique amino termini of NBCe1-B/-C [61] [62] [63] . The effect of structural variations on the physiology of NBCe1 can be so profound that the ion transport direction is altered, thus exhibiting the completely opposite effect on pH i and the direction of transepithelial HCO 3 -flow [11] . It has been well established that NBCe1-A mediates Na þ /HCO 3 -efflux with a stoichiometry of 1:3 at the basolateral membrane in the proximal renal tubules [64] [65] [66] , whereas NBCe1-B mediates Na þ /HCO 3 -influx with a stoichiometry of 1:2 at the basolateral membrane in the pancreatic duct [67] [68] [69] .
Using a polyclonal antibody against the common carboxyl termini of NBCe1-A/-B/-D, Jensen et al. [70] demonstrated that NBCe1 is expressed at the basolateral membrane of the principal cells and apical/narrow cells in rat epididymis [70] . The observation by Jensen et al. is consistent with the basolateral distribution of NBCe1 in other epithelial tissues/ cells, including the ameloblast derived from dental epithelial stem cells [71, 72] , esophageal submucosal glands [73] , salivary parotid acinar cells [74] , proximal renal tubule [64] [65] [66] , pancreatic duct [67, 68] , intestine [75] , and colonic crypts [76] . The exclusive basolateral expression of NBCe1 is believed to be the result of the presence of a carboxyl terminal basolateral localization motif [77] .
FIG. 2. Model shows HCO 3
-reabsorption in the efferent ducts and epididymis of the male reproductive tract. At the apical membrane, the luminal HCO 3 -is converted by CA into CO 2 which then diffuses into the epithelial cells and is reconverted into HCO 3 -. Alternatively, the luminal HCO 3 -can be taken up by the apical NBCn1. The apical SLC26A3 and SLC26A6 contribute to the Cl -reabsorption in epithelial cells by mediating Cl -uptake in exchange of HCO 3 -efflux. At the basolateral membrane, HCO 3 -is extruded by either AE2 or NBCe1, presumably NBCe1-A, although further immunocytochemistry study is required to determine its precise entity [see discussion in section NBCe1 (SLC4A4)]. Note that the model is just for illustration of the HCO 3 -transporters in the epithelial cells in the male reproductive tract. As discussed in detail in the text, the acid-base transport mechanisms may differ among different types of cells. Moreover, the acid-base transport mechanisms may differ between epithelial cells from the proximal portion and those from the distal portion of the epididymis. Finally, the acid-base transport mechanisms in vas deferens must be different from those in the efferent ducts and epididymis.
BICARBONATE TRANSPORTERS IN REPRODUCTION
Based upon the immunocytochemistry study with rat epididymis by Jensen et al. [70] , Pastor-Soler et al. [2] proposed that it is NBCe1-A that is expressed at the basolateral membrane of the epididymal epithelial cells. If that is the case, NBCe1-A could contribute to the HCO 3 -reabsorption in the epididymis by mediating HCO 3 -extrusion ( Fig. 2) , as it does at the basolateral membrane of the proximal renal tubules. However, to understand the precise physiological roles of different NBCe1 variants in the male reproductive tract, fine immunocytochemistry studies with the application of variantspecific antibodies are needed to determine the specific NBCe1 variants expressed in specific cell-types in the male reproductive tract.
Interestingly, the expression of NBCe1 in mouse epididymis is likely regulated by the estrogen receptor signaling pathway, inasmuch as the protein level of NBCe1, as well as NHE3 and CA14 levels, is greatly decreased in the epididymis of estrogen receptor-null mouse [78] . The pH of the luminal fluid in the epididymis of these estrogen receptor-null mice is largely elevated, leading to defects in sperm motility. Together, these observations are consistent with the idea that NBCe1, together with NHE3 and CA, plays an important role in maintaining acid-base homeostasis in the male reproductive tract (Fig. 2) .
NBCn1 (SLC4A7). In many cases, NBCn1 is expressed at the basolateral membrane of epithelial cells [11] . However, in rat epididymis, NBCn1 is localized at the apical membrane of specialized narrow cells and clear cells [55] , the major proton secretion cells in the epididymis [53] . In the apical side of narrow cells and clear cells, there are abundant expression levels of V-type H-ATPase [52, 53] and NHE3 [55, 79] . Taken together, in concert with the apical V-type H-ATPase and NHE3, the apical NBCn1 is presumably involved in maintenance of the acidic environment in the epididymal lumen (Fig.  2) .
Elsewhere, apical expression of NBCn1 has been reported in acinar cells and intralobular striated ducts in the salivary glands [80] and in intercalated cells in the kidney [80, 81] . In salivary glands, NBCn1 is suggested to play a role in pH i regulation of the intercalated cells [82] .
Consistent with the apical localization of NBCn1 in some epididymal epithelial cells, Na þ -dependent HCO 3 -uptake from luminal (apical) fluid has been reported in epithelial cells from rat epididymis [83, 84] . In cultured epididymal epithelia, the presumable NCBT-mediated HCO 3 -uptake is inhibited by administration of 4,4-diisothiocyanatostilbene-2,2-disulfonic acid (DIDS) in the apical solution [83] .
Notably, Choi et al. [85] have demonstrated that NBCn1 is only modestly sensitive to DIDS. Based upon data from the study with cultured epididymal epithelial cells [83] , the degree of DIDS inhibition on the reported apical NCBT activity cannot be determined. Therefore, further studies are necessary to address the contribution of NBCn1 to the apical HCO 3 -uptake by the epididymal epithelia.
SLC26 Family HCO 3 -Transporters in the Male Reproductive Tract
In this section, we discuss the expression and physiological roles of the SLC26 family HCO 3 -transporters in male reproductive tract tissues.
In human testis, SLC26A3 mRNA has been detected [86] . In mouse efferent ducts, Slc26a3 expression has been shown at the mRNA level [87] . In human efferent ducts, SLC26A3 [79] and SLC26A6 [88] , together with CFTR and NHE3 [79, 88] , are expressed in the apical side of nonciliated cells.
In human epididymis, SLC26A3 [79] , SLC26A6 [88] , and CFTR [79, 88] are expressed in the apical side of mitochondria-rich cells. In mouse epididymis, expression of SLC26A4 protein has been shown at the apical membrane of narrow cells and clear cells [89] . In the vas deferens, SLC26A3, SLC26A4, and SLC26A6 transcripts were detected by reverse transcription PCR (RT-PCR) in an epithelial cell line of porcine vas deferens [90] . In addition, expression of SLC26A7 is detected in a subgroup of basal cells in the epididymal ducts [88] .
SLC26A3 plays an essential role in male fertility as human patients carrying mutations in this transporter often show abnormalities in the activity as well as morphology of spermatozoa (see HCO 3 À Transporters In Sperm below). Interestingly, expression of SLC26A4 in epididymis requires the presence of transcription factor FOXI1 [89] . In the epididymis of FOXI1-null mouse, expression of SLC26A4, as well as H þ -ATPase, disappears. Although no difference is observed in the number of spermatozoa, the deficiency of FOXI1 in the mouse greatly increases the rate of sperm tail angulation, a hallmark of impaired sperm maturation. These observations suggest that SLC26A4 and H þ -ATPase play important roles essential for sperm maturation.
As summarized in Figure 2 , the identified SLC26 family anion exchangers, which function primarily as HCO 3 À extruders, are all localized at the apical membrane of the male reproductive tract. These SLC26 family transporters could contribute to Cl -reabsorption in the epithelial cells of the male reproductive tract by mediating Cl -uptake in exchange of HCO 3 À efflux at the apical membrane. HCO 3 -in turn is recycled into epithelial cells through either simple diffusion in the form of CO 2 or by active transport by apical NBCn1.
HCO 3 -Secretion in the Distal Portion of the Male Reproductive Tract
Generally, the epithelial cells lining the wall of the efferent ducts, as well as epididymis in the male reproductive tract, reabsorb HCO 3 À to establish the acidic low-HCO 3 À environment in the luminal fluid. However, several lines of evidences suggest that the distal portion of the male reproductive tract can secrete HCO 3 -, presumably by some specialized cells. First, Levine and Marsh [35] demonstrated that HCO 3 À concentration is slightly higher in cauda epididymis and vas deferens than in corpus epididymis. Thus, it appears that some specialized epithelial cells in the cauda epididymis and vas deferens can perform HCO 3 -secretion to finely modulate the HCO 3 -content in the lumen of these regions. Second, Chan et al. [91] showed that epithelial cells in rat epididymis are able to secrete HCO 3 -and that this HCO 3 À secretion involves an electrogenic Na þ /HCO 3 À cotransporter [91] . Finally, two more studies have shown HCO 3 -secretion activity in the epithelial cells from human [92] and porcine vas deferens [93] .
In the porcine vas deferens, expression of the NBCe1 protein has been detected by Western blotting [93] . Among the five NBCe1 variants, only NBCe1-B is detected in the vas deferens [58] . Moreover, our group has provided evidence for mRNA expression of NBCe2 in mouse epididymis and vas deferens [58] . Like the case in the pancreatic duct, where the basolateral NBCe1-B contributes to the HCO 3 -secretion by mediating HCO 3 -uptake [67] [68] [69] , and the case in choroid plexus in the brain, where the apical NBCe2 contributes to the HCO 3 -secretion in the production of cerebrospinal fluid by mediating HCO 3 À efflux [94, 95] , NBCe1-B and NBCe2 may also play similar roles in HCO 3 À secretion in the vas deferens. Compared to luminal fluid in the epididymis, which is acidic and contains a very low concentration of HCO 3 À ,
À content plays an essential role in the initiation of sperm motility at the time of ejaculation (for detailed discussion, see HCO 3 À Transporters and Sperm Capacitation). Taken in context, HCO 3 À secretion by epithelial cells in the distal portion of the male reproductive tract could contribute to the bulk seminal HCO 3 À that is essential to trigger the initial motility of sperm when ejaculated. However, further immunocytochemical and functional studies are necessary to address the specific physiological roles of HCO 3 À transporters, such as NBCe1 and/or NBCe2, in the vas deferens.
HCO 3 -TRANSPORTERS IN THE FEMALE REPRODUCTIVE TRACT
The pH of luminal fluid varies along the female reproductive tract as well as in different stages of the reproductive cycle. Luminal fluid in the vagina is generally acidic. However, fluid in the lumens of the uterus and oviduct is alkaline and contains very high concentration of HCO 3 - [96] [97] [98] . According to a study with rhesus monkeys [98] , during the follicular phase, the HCO 3 -concentration in the luminal fluid of the oviduct is 35 mM (average pH 7.2). In contrast, during the ovulation phase, HCO 3 -concentration in the oviduct lumen can be more than 90 mM (pH 7.6), which is approximately four times higher than the HCO 3 -concentration in blood plasma [98] . The acid-base homeostasis in the female reproductive tract has profound effects on sperm capacitation as well as on the development of early stage embryos. In this section, we review the expression of HCO 3 -transporters and discuss their physiological roles in female reproductive tract epithelia. We discuss the roles of HCO 3 -transporters in sperm capacitation and development of the early embryo in the next two sections.
Expression of HCO 3 -Transporters in the Female Reproductive Tract
Given the extremely high concentration of HCO 3 -in the luminal fluid of the uterus and the oviduct, the epithelial cells lining the wall of the female reproductive tract must be able to actively secrete HCO 3 -. However, compared to the extensively studied male reproductive tract tissues, the molecular mechanisms underlying the HCO 3 -secretion by epithelial cells in the female reproductive tract are less well understood.
To actively secrete HCO 3 -, epithelial cells need to accumulate sufficient HCO 3 -. Two mechanisms could be involved in the accumulation of HCO 3 -in the epithelial cells from the oviduct and uterus: 1) production of HCO 3 -from CO 2 under the catalysis of CA; and 2) uptake of HCO 3 -via basolateral NCBTs (Fig. 3) .
Similar to the situation at the apical side of the epithelial cells in the male reproductive tract, CA in concert with NHEs can facilitate the production of HCO 3 -from CO 2 at the basolateral side of the epithelial cells in the female reproductive tract. Several NHEs have been localized at the basolateral membrane of endometrial epithelial cells [99] . Moreover, CA XII has been localized at the basolateral membrane of human endometrial epithelia [100] .
It appears that NBCe1 is involved in HCO 3 -uptake at the basolateral membrane of endometrium epithelial cells. By short-circuited current measurements, Wang et al. [101] showed that a basolateral DIDS-sensitive electrogenic Na þ -coupled HCO 3 -transporter is involved in HCO 3 -secretion in cultured mouse endometrial cells. Moreover, Wang et al. provided molecular evidence at the mRNA level for the expression of NBCe1 in endometrial cells [101] . In a more recent study, Liu et al. [58] demonstrated the expression of specific NBCe1 variants in different regions of the female reproductive tract. Among the five known NBCe1 variants, NBCe1-A was identified in mouse ovary. NBCe1-B expression has been shown in all major studied regions of the female reproductive tract, including the ovary, uterus, and vagina, whereas NBCe1-E is expressed in relatively low abundance in the ovary and uterus. Again, like the case in epithelial cells of the pancreatic duct, NBCe1-B could be involved in HCO 3 -uptake at the basolateral membrane of endometrial epithelia, thus contributing to HCO 3 -accumulation in the cells. However, further immunocytochemistry evidence is needed to address its exact role in the female reproductive tract.
As far as the electroneutral NCBTs are concerned, Boedtkjer et al. [102] have demonstrated by using a LacZ reporter gene that the promoter of Slc4a7 encoding NBCn1 is active in the uterus wall of female mouse, suggesting that NBCn1 is expressed in the uterus. Liu et al. [58] showed that the transcripts encoding the three electroneutral NCBTs are expressed in mouse ovary, uterus, and vagina.
Expression of Slc26a9 mRNA was detected by RT-PCR from mouse ovary [25] . By using Northern blotting, Suzuki et al. [103] demonstrated SLC26A4 expression in endometrial cells from human uterus. Immunocytochemistry study has shown that SLC26A4 is localized at the basolateral membrane of endometrial epithelial cells [103] . Western blotting has shown that the SLC26A6 protein is expressed in human and rodent uteri [104] .
In addition, a search of the GenBank database of expression sequence tags showed that a number of anion exchangers, 
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including SLC4A1-SLC4A3, SLC26A4, and SLC26A6, are expressed in diverse tissues in the female reproductive tract (Table 1) .
In endometrial and oviductal epithelial cells, the apical CFTR plays a key role in the regulation of HCO 3 -secretion [1, 105, 106] . As a HCO 3 --permeable channel, CFTR may directly facilitate HCO 3 -secretion in epithelia of the female reproductive tract; it may also indirectly do so by interacting with and therefore regulating the activity of other HCO 3 -transporters, for example, SLC26A6 [22, 30, 32] and SLC26A9 [26] .
Not surprisingly, the expression of proteins relative to acidbase transport may cyclically change during the estrous cycle. For example, levels of the SLC26A6, CFTR, and CA CAII and CAXII proteins are regulated in a reproductive stage-dependent manner, with the highest level of expression in the uterus in the estrous stage [104] . The increased expression of HCO 3 -transport-related proteins in the estrous stage is consistent with the notion that HCO 3 -secretion by endometrial epithelial cells is enhanced during the ovulation phase, when the HCO 3 -concentration in the luminal fluid in the oviduct is extremely high [98] .
Another study has shown that the expression of CFTR is decreased in the endometrial epithelial cells during the preimplantation stage of postmating mouse [107] . Interestingly, under controlled ovarian hyperstimulation, a procedure essential for in vitro fertilization in the clinic, the expression of CFTR is greatly increased [108] . This increase in CFTR expression is likely associated with controlled ovarian hyperstimulation-induced apoptosis in endometrial epithelial cells that may impair the embryo implantation during in vitro fertilization.
HCO 3 -TRANSPORTERS AND SPERM CAPACITATION
HCO 3 -and pH i play key roles in the regulation of sperm activity. In the acidic fluid in the cauda epididymis, matured spermatozoa are rendered quiescent, with little motility and no ability to fulfill fertilization. Following deposition of these sperm into the female reproductive tract, the ejaculated spermatozoa must undergo a series of activation processes to become competent to fertilize eggs, a fact that has been known for approximately 60 years [109, 110] . The series of activation events taking place in sperm during their long transit in the female reproductive tract are collectively called sperm capacitation [111, 112] . During capacitation, sperm undergo complex changes in the membrane structure, including membrane fluidity, membrane lipid composition, and distribution, among others. Capacitated sperm become metabolically active and highlymobile [113] .
Overview of Fluid Acid-Base Status for Sperm Capacitation
The components and concentration of ions and pH of the bathing fluid are critically important for sperm capacitation. First the semen and then the fluid in the female reproductive tract provide the primary media suitable for sperm capacitation. It has been well established for more than 2 decades that HCO 3 -is an essential factor for sperm capacitation [114] . Unlike epididymal fluid, which is acidic and contains very low concentration of HCO 3 - [35] , the semen from mammals is rich in HCO 3 -and has an alkaline pH, which varies in a broad range from 7.2 to 8.4 in humans [115] . The large variation in pH of human semen among different reports could arise from differences among individuals, techniques for pH measurement, method of semen collection, and other factors. A study by Huggins et al. [116] showed that human semen contains an average 24 mM of CO 2 -related species (i.e., the sum of CO 2 , HCO 3 -and CO 3 2À in the semen), which, according to the Henderson-Hasselbach equation, translates into a HCO 3 -concentration of ;22 mM in the reported pH range of human semen. Thus, semen provides the first source of HCO 3 -for sperm capacitation. Stimulated by the HCO 3 -in semen, spermatozoa obtain initial motility at the time of ejaculation.
Whole semen is derived mainly from three sources: the epididymal fluid, which contains very high concentration of spermatozoa (accounting for ;10% of total semen volume); the acidic prostate fluid (accounting for ;60%); and the alkaline seminal vesicle secretion (accounting for ;30%). Both the epididymal fluid and the prostate secretions are acidic, thus, the alkaline seminal vesicle secretion is the major source of HCO 3 -for the semen. As discussed in the previous section, the luminal fluid in the uterus and oviduct is alkaline and contains a very high concentration of HCO 3 -, especially during the ovulation phase of the estrous cycle. The HCO 3 --rich fluid in the female reproductive tract provides the second source of HCO 3 -for sperm capacitation.
HCO 3 -Transporters in Sperm
It is well known that sperm capacitation is accompanied by intracellular alkalinization [117] [118] [119] 120] . The rise in pH i can be caused by 1) uptake of HCO 3 -through the membrane transporters, 2) extrusion of H þ through proton carriers such as proton channel Hv1 and/or Na þ -H þ exchangers. Current studies show that both types of mechanisms are involved in the regulation of sperm pH i during capacitation. We first discuss the HCO 3 -transporters in this section and briefly discuss the proton carriers in the following section, Proton Carriers in Sperm.
Although it has been well documented that HCO 3 -is indispensable for sperm capacitation, the molecular entities, the cellular localization, and the physiological roles of HCO 3 -transporters in mammalian sperm are still far from being fully understood. Figure 4 summarizes our current understanding of the distribution of acid-base transporters as well as some pHsensitive channels in mammalian spermatozoa.
In the anterior acrosome region of guinea pig sperm, the expression of SLC26A3 is observed by immunocytochemistry [121] . SLC26A3 (also known as down-regulated in adenoma or DRA [21, 122] ), is responsible for congenital chloride diarrhea (CLD), with approximately 30 different mutations identified in patients with CLD [123] . Human male patients with CLD are often accompanied by subfertility, resulting largely from oligoasthenoteratozoospermia, characterized by low concentration, decreased motility, and abnormal morphology of spermatozoa [124] . It is likely that SLC26A3 plays an important role in regulating the sperm activity.
In the equatorial segment of the sperm head, two HCO 3 --permeable transmembrane proteins, AE2 and CFTR, have been identified. A number of studies in human, mouse, rat, and guinea pig spermatozoa have shown that the expressions of AE2 is restricted to the equatorial segment of sperm head [125, 126] . By using a monoclonal antibody, two studies showed that the expression of CFTR is restricted in the equatorial segment of human, rat, mouse, and guinea pig sperm [121, 127] .
In the midpiece of human and mouse spermatozoa, expressions of the SLC26A3, SLC26A6, and CFTR proteins have been observed by immunocytochemistry [31, 128] . Moreover, SLC26A3 and SLC26A6 likely interact with CFTR and are presumably involved in an increase of intracellular chloride in sperm during the capacitation of mouse sperm [31] . In those two studies [31, 128] , the cellular localization of CFTR as revealed by polyclonal antibody is in disagreement   FIG. 4 . Distribution of acid-base transporters and pH-sensitive ion channels in mammalian spermatozoa. A) Anterior acrosome region. B) Equatorial segment. C) Midpiece of flagellum. D) Principal piece of flagellum. Mature spermatozoa are highly polarized cells composed of the head and flagellum. Flagellum consists of three apparent segments: the mitochondrion-rich midpiece, the principal piece, and the end piece. The anion exchangers could contribute to the uptake of Cl -, which is also essential for sperm capacitation [31, 161] . A functional study indicated the presence of a Na-coupled HCO 3 -transport activity in sperm. Moreover, Western blotting has shown the expression of NBCe1 in rat sperm. However, the precise cellular localization of NCBTs in spermatozoa remains unknown. IN, intracellular; OUT, extracellular.
BICARBONATE TRANSPORTERS IN REPRODUCTION
with those reported in the above-mentioned two studies [121, 127] , which showed that CFTR is localized in the equatorial segment of the sperm head. Na þ -coupled HCO 3 -transporters have been shown to be involved in sperm pH i regulation and play critical roles in capacitation. Demarco et al. [129] demonstrated that a DIDSsensitive Na þ /HCO 3 -cotransport activity causes hyperpolarization in the sperm membrane potential and that this Na þ / HCO 3 -cotransport activity is associated with a protein phosphorylation profile characteristic of sperm capacitation. The study by Demarco et al. suggests that an electrogenic NCBT is expressed in sperm. Indeed, Jensen et al. [70] used Western blotting to show expression of the NBCe1 protein in rat sperm [70] . However, the cellular localization of NBCe1 in sperm is unknown.
Another study by Zeng et al. [118] showed that in mouse sperm, the pH i recovery upon an alkali stimulus is dependent on extracellular Na þ , HCO 3 -, and Cl -and can be inhibited by DIDS treatment. Removal of the extracellular Na þ , HCO 3 -, or Cl -greatly reduces the initial pH i recovery rate upon the alkali stimulus. Moreover, the effects of simultaneously removing extracellular HCO 3 -and Cl -are not additive. Taken together, the study by Zeng et al. [118] suggests that a Na þ -driven Cl --HCO 3 -exchange (NDCBE) activity is involved in the pH i regulation of mouse sperm. However, further molecular evidence is required to address whether NDCBE is expressed in sperm.
Interestingly, by Western blotting, an NCBT-like protein, most closely related to the mammalian electroneutral NCBTs, is expressed in the sperm of sea urchins [130] . Immunohistochemistry shows that this NCBT-like protein is distributed in high abundance in the principal segment and in low abundance in the midpiece of sea urchin sperm flagella.
Together, current studies show that the HCO 3 -transporters each have a specific cellular distribution pattern. At least in mammalian spermatozoa, no HCO 3 -transporter has been localized in the principal segment. Cellular localization of the HCO 3 -transporters in sperm is in striking contrast to that of the proton carriers, which are exclusively localized in the principal segment of sperm flagella (see Proton Carriers in Sperm below).
HCO 3 --Sensitive Adenylyl Cyclase in Sperm
It has been well known for decades that HCO 3 -can stimulate the activity of adenylyl cyclase and cause an elevation in the intracellular cAMP level in sperm [131, 132] . Investigators have demonstrated that HCO 3 --sensitive soluble adenylyl cyclase (sAC) is atypical in lacking a transmembrane domain and that this sAC plays an central role in the signaling cascade in sperm capacitation [133, 134] . A study with knockout mice has shown that sAC is indispensable for male fertility. Although sAC-null mice can generate spermatozoa with no apparent abnormalities in morphology, deficiency of sAC severely impairs the motility of sperm, resulting in male sterility [135] .
Thus, in addition to its effect on pH i in sperm, a second critical consequence of HCO 3 -influx is the activation of sAC and therefore elevation of cAMP level. The elevation of intracellular cAMP level then causes the activation of protein kinase A and initiation of a cascade of protein tyrosine phosphorylation that is essential for triggering sperm motility, sperm capacitation, and acrosome reaction [111, 112, 136] .
Removal of extracellular Cl -or HCO 3 -totally abolishes the cAMP production in sperm [121] , consistent with the involvement of a Cl --HCO 3 -exchanger in the HCO 3 -uptake in sperm. Moreover, in the presence of extracellular HCO 3 -, inhibition of CFTR substantially reduces intracellular cAMP level [127] . Demarco et al. [129] showed that removal of the extracellular Na þ in the presence of HCO 3 -substantially reduces the protein phosphorylation and that this reduction in protein phosphorylation can be overcome by treatment with cAMP analog. Together, these observations suggest that HCO 3 -transporters, including CFTR, anion exchangers, and presumably NCBTs, are likely important components of the sAC signaling pathway in sperm capacitation.
Although it has been well established that sAC is extremely important for sperm capacitation, its cellular localization in sperm remains unsettled. One study with mouse sperm has shown that sAC is localized in the midpiece of the flagella in noncapacitated sperm and enriched in the annulus, a region demarcating the midpiece from the principal piece, in capacitated sperm [137] . These observations suggest that the localization of sAC changes according to the physiological status of sperm. On the other hand, another study with ejaculated boar sperm showed that sAC expression is restricted to the equatorial segment of the sperm heads as well as the connecting pieces [138] .
Surprisingly, Wang et al. [139] showed that the deficiency in sperm-specific NHE (sNHE), expression of which is restricted to the principal piece of sperm flagella (see next section), greatly reduces the expression and activity of sAC in mouse sperm. Moreover, the authors have shown that sAC interacts with sNHE in sperm as well as when heterologously expressed in HEK293 cells. Based upon these observations, the authors suggested that sAC and sNHE are closely related to each other in a signaling complex in sperm. If this is the case, then sAC expression should be expected in the principal piece of sperm flagella.
Considering the essential role of HCO 3 -in sAC activation during sperm capacitation, one would expect that sAC colocalizes and even somehow interacts with the HCO 3 --transporters. Thus, addressing the localization of sAC in sperm would be very insightful for understanding the cellular distribution of HCO 3 -transporters, and vice versa.
Proton Carriers in Sperm
As discussed above, in addition to HCO 3 -uptake, extrusion of protons can also cause intracellular alkalinization during sperm capacitation. Given the well-demonstrated significance of the proton carriers in sperm capacitation, we briefly discuss proton channel Hv1 and Na þ -H þ exchangers. The proton channel Hv1 expressed in sperm is outwardrectifying, thus, it is dedicated to mediating proton efflux [8] . The conductance of Hv1 is sensitive to extracellular pH, being inhibited by the acidic extracellular pH and activated by increasing the extracellular pH. Moreover, Hv1 is sensitive to extracellular zinc with a half inhibition concentration of approximately 220 nM [8] . Human semen contains a very high concentration of Zn 2þ (;1-3 mM), which is derived from prostate fluid [115] . With these demonstrated biophysical properties, prior to ejaculation, Hv1 must be inactive while the sperm are bathed in the acidic epididymal fluid. At the time of ejaculation, Hv1 would still be inactive in the semen due to the presence of high concentration of Zn 2þ . Sperm Hv1 will become activated only after the spermatozoa are deposited in the female reproductive tract where the fluid-bathing sperm have a high pH and the seminal Zn 2þ diffuses and is reabsorbed by the epithelial cells in the female reproductive tract. Human spermatozoa contain high proton channel activity. Interestingly, the proton channel activity is very low in mouse LIU ET AL. spermatozoa compared to those in humans [8] . It is likely that the spermatozoa from different species have different mechanisms for proton extrusion.
An alternative pathway for proton extrusion is the Na þ -H þ exchangers (NHEs). In sperm, three NHEs have been identified, namely, NHE1 (SLC9A1), NHE5 (SLC9A5) [140] , and a sperm-specific sNHE (SLC9A10) [141] . In mouse, the genetic disruption of NHE1 has no effect on male fertility [142] . However, genetic disruption of sNHE severely impairs sperm motility, resulting in male infertility [141] . Interestingly, in spermatozoa, the expression of all identified proton carriers including proton channel Hv1 and NHEs is confined to the principal piece of the flagella [8, 140, 141] . It is worth noting that expression levels of the pH-sensitive spermspecific calcium channel CatSper [143, 144] and potassium channel KSper/Slo3 [145] are also largely confined to the principal piece of sperm flagella. These pH-sensitive channels play critical roles in sperm function and are essential for male fertility [3, 9, 146] .
Taken together, the proton carriers are exclusively expressed in the principal segment of the sperm flagella in mammals, a primary segment responsible for the generation of sperm motility. Recall that the cellular distributions of the different HCO 3 -transporters are highly diversified in mammalian spermatozoa (see HCO 3 À Transporters in Sperm above). Could the proton carriers be mainly involved in the regulation of sperm motility? Given the diversified distribution of the different HCO 3 -transporters in spermatozoa, it is likely that the HCO 3 -transporters are involved in regulation of a broad range of sperm activities, for example, the initiation of sperm motility, capacitation, hyperactivation, and/or acrosome reaction. Systemic and finely designed studies are necessary to address the specific roles of each acid-base transporter in the sperm function.
HCO 3 -TRANSPORTERS AND DEVELOPMENT OF EARLY STAGE EMBRYOS
In the female reproductive tract, HCO 3 -also plays an essential role in the development of early stage embryos from postfertilization to implantation in the uterus. Fertilized oocytes fail to develop to blastocyst in the absence of HCO 3 -in culture medium [105, 147, 148] .
As in sperm capacitation, HCO 3 -may also play a role in the activation of embryonic sAC, which has been shown to be expressed in two-cell stage embryos [105] . In the presence of HCO 3 -in culture medium, inhibition of sAC substantially reduces the formation of the morula and blastocyst from twocell stage embryos.
As mentioned previously, the oviduct contains a very high concentration of HCO 3 -, which, during the ovulation phase, can reach up to 90 mM with a luminal pH of ;7.6 [98] (see HCO 3 À Transporters in the Female Reproductive Tract). Even bathed in this highly alkaline fluid, the resting pH i in embryos can be tightly controlled to a narrow pH range of approximately 7.2 [149] [150] [151] . Our current knowledge suggests that Cl --HCO 3 -exchangers and NHEs are the major mechanisms involved in the pH i regulation of early stage embryos [152] .
As acid loaders, the Cl --HCO 3 -exchangers are used to attenuate alkaline challenges imposed on the early stage embryos. DIDS-sensitive Cl --HCO 3 -exchange activity is expressed throughout all stages of the preimplantation embryo [150, 153, 154] . RT-PCR analysis has shown the Slc4a2 and Slc4a3 expression in mouse embryos of preimplantation stages [154, 155] . Interestingly, Cl --HCO 3 -exchangers are also expressed but remain inactive in unfertilized oocytes [150, 155] . These Cl --HCO 3 -exchangers are activated in zygotes following fertilization by the mitogen-activated protein kinase pathway [150, 155, 156] . In the development of the early stage embryos, the Cl --HCO 3 -exchange activity is regulated in a developmental stage-dependent manner, with the anion exchange activity being highest at the one-and two-cell stages and progressively decreasing following the development of preimplantation embryos [154] .
The Cl --HCO 3 -exchangers play essential roles in the formation of the blastocyst. In culture medium with high pH (.7.8), DIDS treatment greatly reduces the formation of blastocyst from two-cell stage embryos [154] .
As acid extruders, the NHEs are used to alleviate acidosis imposed on the early stage embryos and play essential roles in the formation of the blastocyst [149, 157] . Like the Cl --HCO 3 - exchangers, it appears that the NHEs are also expressed in unfertilized oocytes and are activated following fertilization [158] . Immunocytochemistry studies have shown that two isoforms of NHEs, NHE1 and NHE3 (SLC9A3), are expressed in the mouse blastocyst [157, 159] . NHE1 is localized at the basolateral domain, whereas NHE3 is localized at the apical domain of the blastocyst [159] . Inhibition of NHE3 by a specific inhibitor prevents the formation of the blastocyst [157] . In summary, the Cl --HCO 3 -exchangers and NHEs play essential roles in the development of the early stage embryos. However, little is known about the physiological roles of the NCBTs in these very early events of a life. Only one recent study has shown that the Na þ -driven Cl-HCO 3 -exchanger NDCBE (SLC4A8) is expressed at the mRNA level in mouse pronuclear zygotes [160] .
PERSPECTIVE
Recently, great progress has been made in understanding the molecular mechanisms of acid-base transport in the epithelia of reproductive tract tissues. However, we are still far from a comprehensive view of the issue. The molecular mechanism underlying HCO 3 -secretion in the endometrial cells in female reproductive tract remains largely unknown. The expression as well as functional regulation of HCO 3 -transporters, for example, by reproductive hormones, in the reproductive tract tissues of male and female, would be a future direction. HCO 3 -and pH i are key regulators of sperm activity including sperm capacitation. Several break-through discoveries have been made of the physiological roles of proton carriers, including proton channel Hv1 and NHEs, in sperm capacitation. However, the expression and specific roles in sperm of the HCO 3 -transporters, especially those of NCBTs, are largely unknown. It appears that the expression of the proton carriers is highly limited to the principal piece of the sperm flagella in mammalian spermatozoa. Are any HCO 3 -transporters expressed in the principal piece of mammalian spermatozoa? What are the exact physiological roles of the HCO 3 -transporters in the pH i regulation or the HCO 3 --sensitive sAC-mediated signaling pathway in sperm capacitation? Considerable efforts are required to address these issues.
Finally, the expression as well as the physiological roles of NCBTs in the development of early stage embryos remains a mystery.
Disclosing the roles of the HCO 3 -transporters in mammalian reproduction will greatly benefit our understanding of the pathophysiological mechanisms of human infertility and will shed important light on the clinical therapy for the infertile patients. 
